Enhancer is a positive regulator for spatiotemporal development in eukaryotes. As a cluster, super-enhancer is closely related to cell identity-and fate-determined processes. Both of them function tightly depending on their targeted transcription factors, cofactors, and genes through distal genomic interactions. They have been recognized as critical components and played positive roles in transcriptional regulatory network or factory. Recent advances of next-generation sequencing have dramatically expanded our ability and knowledge to interrogate the molecular mechanism of enhancer and super-enhancer for transcription. Here, we review the history, importance, advances and challenges on enhancer and super-enhancer field.
| ENH ANCER IS A POSITIVE RE GULATOR IN TRANSCRIPTION

| Enhancer is a positive regulator
Enhancer is a short region of DNA that can be bound by proteins (activators) to activate transcription of a gene.
14 It can positively regulate spatiotemporal gene expression during development through either cisor trans-interaction manner ( Figure 3 ). 13, [15] [16] [17] In 1981, enhancer was first described as a 72-bp repeated sequence in simian virus 40 (SV40) genome, which could increase the ectopic expression of a reporter gene by~200-fold. 18, 19 In 1983, enhancer was discovered within a mouse immunoglobulin heavy chain gene in mammals. 20 Subsequently, different enhancers in various cells and tissues have been reported.
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| Properties of enhancer chromatin
Enhancers activity are usually linked with certain properties of chromatin ( Figure 4 ). Active enhancers are typically bound with transcription factors (TFs). 21 The flanking of enhancers are commonly marked by histone modifications such as histone H3 lysine 4 monomethylation (H3K4me1) and H3K27 acetylation (H3K27ac). [22] [23] [24] Active enhancers are marked by both H3K4me1 and H3K27ac, with depletion of histone H3 lysine 4 trimethylation (H3K4me3); 22 inactive, poised enhancers are marked only with H3K4me1. 24 In addition, enhancers are typically depleted of nucleosomes and sensitive to DNase I digestion. 25 Distal enhancers are brought into close proximity with their target promoters through chromatin looping, 14 which is facilitated by mediators and cofactors. 11, 21 Moreover, active enhancer can recruit RNAPII and produce RNAs that contributes to its function and gene regulation. 26 ,27
| Enhancer identification
Traditionally, enhancers have been identified based on their ability to increase transcription by using reporter gene assays. 14, 18 Transgenic reporters are widely used for enhancer identification in animal models such as nematode, fruit fly, and mouse. 14 Traditional transgenic reporter assays, for example, those based on luciferase, are usually low throughput as they could only validate individual enhancer in a relative simple mode. 14, 18 In the recent years, with the advent of NGS, high-throughput computational and experimental methods have been adapted to predict enhancers. 14, 28 These are mainly included in several categories: (a) Computational analysis of conserved noncoding sequences and TF binding motif [29] [30] [31] ; (b) Chromatin immunoprecipitation and sequencing (ChIP-seq) 28 for transcription factors, 32, 33 mediators and cofactors such as P300, 34, 35 and histone modifications such as H3K4me1 and H3K27ac 23, 24 ; (c) Chromatin accessibility assays, including DNase I digestion coupled to sequencing (DNase-seq), 25, 36 formaldehyde-assisted isolation and sequencing (FAIRE-seq), 37 and transposase-accessible chromatin followed by sequencing (ATAC-seq) 38 ; (d) Multiple methods depending on the detection of enhancer RNAs, 28 including global run-on sequencing (GRO-seq), 39 precision nuclear run on and sequencing (PRO-seq), 40 native elongating transcript sequencing (NET-seq), 41 cap-analysis gene expression (CAGE) 42 ; (e) Methods based on
Diagram of transcription sub-processes, including initiation, elongation and termination F I G U R E 3 A, Enhancers are cis-regulatory elements that can increase expression of target genes in cis and trans-acting manner; (B and C) Enhancer regulate spatiotemporal gene expression enhancer-promoter interactions, including chromosome conformation capture (3C), 43 4C, 44 5C, 45 Hi-C, 46 and chromatin interaction analysis by paired-end tag sequencing (ChIA-PET) 47 ; (f) Methods of testing enhancer activity, 28 such as massively parallel reporter assays (MPRAs), 48 self-transcribing active regulatory region sequencing (STARR-seq), 49 and functional identification of regulatory elements within accessible chromatin (FIREWACh). 50 Currently, enhancers can be defined by using one or combinations of these methods. 58, 59 It has been found that H3K4me1 can facilitate recruitment of the cohesion complex to chromatin, which provides a potential mechanism for MLL3/4 to promote chromatin interactions between enhancers and promoters. 60 In addition, a recent study has suggested that H3K4me1 might play a fine-tune role in enhancer activity by facilitating binding of the BAF complex and possibly other chromatin regulators. 61 Meanwhile, active enhancers in both flies 62 and mice 63 are not necessarily marked by
H3K27ac, but H3K27ac has been supposed to affect enhancer activity through destabilizing nucleosomes or recruiting H3K27ac-binding proteins. 64 All these evidences imply that H3K4me1 and H3K27ac themselves are not required for enhancer activity.
| Diverse modes of enhancer action
As time goes by, enhancer has been recognized that it could regulate gene expression in quite diverse manners, which are summarized as "multiple enhancers-one target gene" ( Figure 4A ) and "one enhancer -multiple target genes" patterns ( Figure 4B ). 65, 66 The former pattern includes addictive, synergistic, hierarchical, and redundant mode. (a)
An additive mode represents that gene transcription is determined by the superimposed effect of multiple enhancers ( Figure 4A-1) . For . 73 Enhancer redundancy is a remarkably widespread feature in mammalian genome. 66, 74, 75 On the other hand, the solo enhancer is able to regulate multiple genes ( Figure 4B ). Two types of competition modes, "winner takes all" and "we are all winners," have been proposed to explain this. Enhancer-promoter interactions can be commonly found to determine spatiotemporal gene expression pattern in eukaryotes. 82, 83 This has been well presented by studies of the globin locus control region (LCR) and its target gene. 84, 85 During erythroid development, LCR activates distinct globin genes in a stage specific manner through the formation of DNA looping. 86 LCR-β-globin interactions are established dependent on gene-specific transcription factors, including the hematopoietic-specific factors GATA1 and FOG1, 87 KLF, 88 and the widely expressed factor LDB1. 89 The depletion of LDB1 has been previously reported to disrupt long-range LCR loop formation, and thus affect gene transcription. 89 There are other examples of specific gene regulation involving in enhancer-promoter looping. The Satb1 gene is silent when its promoter does not contact with enhancers in the brain, whereas it is highly expressed when enhancer-promoter looping has been de novo formed in the thymus. 90 In the latest study, a distal enhancer of Sox9 can reverse sex in mouse, 91 which suggests DNA-Looping could also determine specific traits.
The protein yin and yang (YY1) has been recognized as a structural mediator of DNA looping in recent study. 92 YY1 could globally mediate enhancer-promoter interactions by binding to DNA and facilitate the formation of chromatin loops, probably through its dimerization. 92 In addition, YY1 has been further indicated to positively regulate transcription by targeting promoters and enhancers to through the BAF complexes in embryonic stem cells. 93 
| TADs
Along with the 3D genome architecture, topologically associating domain (TAD) has been realized as a popular pattern for enhancer function. TAD is a proposed selfing-interaction genomic territory, meaning that DNA sequences physically interact with each other more frequently within than outside. 90 Recent studies have indicated that TADs might ensure proper physical interactions between promoters and distal enhancers. 94 For example, Shh expression is not affected by changing the distance between Shh gene and its associated enhancer (ZRS) within TAD. 94 Conversely, it has been altered by inversions disrupting the TAD between them. 94 The mechanism leading to the TAD boundary formation have attracted the study interest of many biologists. TADs are suspected to be bordered by dimerization of the zinc finger protein CTCF bound to chromatin. 95 Disruption of a conserved CTCF-cohesion boundary extends the sub-TAD of the mouse α-globin gene cluster to adjacent CTCF-cohesin-binding sites. 96 This in turn allows α-globin enhancers to interact with more additional promoters located within extended sub-TAD. In addition, a study of the Sox9 locus has
showed that duplication of boundary-containing regions results in the formation of a new TAD that is insulated from its neighbors by the duplicated boundary. 97 However, the research field of TAD remains controversial, more efforts and data will be eager for further interpreting its mechanism.
| Enhancer RNAs
Enhancer RNAs (eRNAs) are a new class of long noncoding RNAs synthesized at enhancers, 98 which are correlated with enhancer activity and contribute to gene regulation. 98, 99 The transcription of enhancer was first reported in the locus control region (LCR) of the β-globin gene. 100 Subsequently, enhancers have been found to be broadly transcribed. 26, [101] [102] [103] Unlike messenger RNAs (mRNAs), eRNAs are generally short, non-coding, bidirectionally transcribed, and their 3′-end are not polyadenylated. 42, 102, 104 Meanwhile, they are susceptible to exosome-mediated degradation and express at very low levels. 104, 105 Recent studies have revealed that eRNAs can be generated through 
| Properties of super-enhancers
Super-enhancers differ from typical enhancers in size, transcription factor density and content, and ability to activate transcription (Figure 6 ). In addition, super-enhancers produce higher level of eRNAs than typical enhancers, 116 
| Maintaining cell identity
A series of studies have indicated that super-enhancers are capable of maintaining cell identity. In mESCs, both super-enhancers and typical enhancers are co-occupied by master TFs Oct4, Sox2, and Nanog, which are important for pluripotency; but only superenhancers are densely occupied by TFs KLF and ESrrb, which play important role in cell identity. 117 In the same study, the crucial role of super-enhancers in cell identity has been further revealed by that reduced levels of Oct4 or Mediators cause preferential loss of expression of super-enhancer-associated genes relative to other genes in mESCs. 117 Likewise, key TFs that control cell iden- In addition, super-enhancers are correlated with lineage-specific transcriptional factors and oncogenes in a broad spectrum of cancers, such as neuroblastoma, 127 
| Driving oncogene transcription in cancer cells
Super-enhancers have been found to drive the expression of a few critical oncogenes in several types of tumor cells. 122 In Nasopharyngeal carcinoma, super-enhancers are linked to genes important for oncogenesis including ETV6. 138 In Oesophageal squamous cell carcinoma (OSCC), super-enhancers are associated with oncogenes including PAK4, RUNX1, DNAJB1, SREBF2, and YAP1. 130 Deletion of a super-enhancer reduces the expression of cancer-related genes and impairs some oncogenic properties. 139 In contrast, duplication of super-enhancers leads to overexpression of a key oncogenic transcription factor, which then activates other cancer-related genes in squamous cell carcinomas. 140 Super-enhancers can be targeted through inhibition of chromatin and transcriptional regulators that disproportionately bound to these regulatory elements super-enhancers. 122 Recent studies have demonstrated that JQ1 (a competitive inhibitor of BRD4, and a covalent inhibitor of CDKs), selectively kill cancer cells by inhibiting SE-driven oncogenic transcription, with both agents lacking systemic toxic effects in vivo. 
| Precision identification of motif
Precisely, identification of motifs is essential for understanding the enhancer function mechanism and genome constitution. Motif is a degenerate short (6-10 bp) DNA sequence pattern that summarizes the DNA sequence binding preference of a transcription factor.
14 Enhancer motifs recruit transcription factors, which in turn enroll cofactors, and thus activate transcription. 14 They are highly linked to enhancer activities and gene expression. 66 The space between motifs is one of factors contributing to enhancer activities. For example, the neural plate-specific Otx-a enhancer in Ciona controls Otx-a expression in a moderate and proper manner. 143 This enhancer contains GATA and ETS DNA sequence motifs. 143 A 3 bp insertion between one set of them has been found to result in a threefold increase of Otx expression. 143 Thus, precisely motifs are important for understanding enhancers function. However, up to now, the identified potential enhancer candidates, by various methods such as ChIP-seq, bestrow hundreds of base pairs along the genome ( Figure 7) . 28, 34 The conflict size differences between motif and potential enhancer candidates would result in the difficulty for dissecting enhancer, its function and genome annotation.
F I G U R E 6
Differences between organization and function of typical enhancers and super-enhancers
Scientists have started to put their effort to position motif precisely. There are several methods developed to identify enhancers at high resolution and low background. For example, ChIPexo, a derivation of ChIP-seq, has been adapted. 144 Compared to
ChIP-seq, ChIP-exo includes an additional step of exonuclease digestion that trims DNA fragments. 144 This step allows identifying putative enhancer candidates at high resolution and low background noise, and in turn positioning motifs more precisely. 144 However, the current ChIP-exo technique has been applied to limited cell types. Thus, more efforts are required for developing new experimental methods and algorithms of enhancer identification and motif position in the future.
| The validation of enhancer activity
Identifying functional enhancers is an important step for understanding their mechanism in gene transcription. Up to now, hundred thousands of putative enhancer candidates have been identified across human and multiple model animals, 23, 24 but not all of them are representative of functional ones. Indeed, with the data generated by the ENCODE Project, only a fraction (26%) of enhancer candidates display enhancer activity with reporter assays. 51, 145 44 and 5C, 45 Hi-C 46 and ChIA-PET 47 have been adapted to directly identify physical contacts. However, the available data of these associations is still far more insufficient. Data accumulation might be an option to solve this, which might need global efforts to achieve.
| Definition and composition of superenhancers
Despite of biological effects of super-enhancers, its definition is ambiguous and molecular composition is unclear. 118 Super-enhancer can be termed as enhancer cluster. However, according to its identification procedure ( Figure 5 ), a few defined super-enhancers are sin- 
